ABSTRACT Drilling systems are widely used today for various purposes, but in harsh environments, such as the Arctic or space, it is hard to utilize these conventional systems because they require large amounts of equipment and labor. Various research projects have attempted to resolve this issue, but they are still in development stages owing to poor drilling performance. To solve this problem, we exploit the digging habits of the mole that is one of the representative animals living underground. In this paper, we propose the excavation mechanism for an embedded drilling robot, including cutting removal and balancing in the hole, which is inspired by a type of a mole known as the African mole-rat. To find the rate of penetration (ROP) trends of the proposed drilling system, simple drilling experiments are performed on autoclaved lightweight concrete blocks with a drill bit that imitates the polycrystalline diamond compact bit. The maximum ROP is obtained with the experiments and finite-element modeling simulations.
I. INTRODUCTION
Drilling systems have been used in various fields such as the exploration and development of energy resources and mineral resources, underground water development, and geothermal power. Drilling that reaches depths of 200-300 m is classified as natural mining, whereas the deeper drilling can be considered as deep mining [1] . In the case of resource development, the main application of deep mining, directional drilling technology and underground localization technology have been rapidly developed to efficiently collect unconventional resources that are widely distributed underground [2] . However, as the depth increases, additional equipment and processes, such as additional pipe connections, are required and this could increase the expense and demand on human resources. To develop huge amount of resources, this problem might not be a considerable matter. However, this method remains ineffective for application to soil analysis or ground exploration through drilling of shallow depths in areas that are not suitable for large equipment.
To overcome these problems, many researchers have developed embedded drilling systems for planetary drilling such as the PLanetary Underground TOol (PLUTO) [3] - [5] , Self-Turning Screw Mechanism (STSM) [6] , [7] , earthwormtype drilling robot [8] , [9] , and planetary deep drill [10] . PLUTO has been designed as a drilling instrument for a Mars lander to collect soil. It uses a hammer drilling method with a spring and an electric motor for drilling and can drill to a depth of about 1.5 m. The sampling mechanism is installed in front of the drilling mechanism and can capture 5-200 mm 3 of soil. STSM uses rotary drilling with a screw attached to the outer body. This mechanism has an advantage for removing and transporting soil, but cannot drill deeply owing to limitations of rotational force. Earthworm-type drilling robot uses peristaltic movement to generate weight on bit (WOB), and rotates an earth auger for drilling. It uses an earth auger instead of a drill bit to transfer the soil generated by drilling. This peristaltic movement is generated with three segments and it is inspired by the earthworm. Each segment can shrink and expand using an electric motor. This mechanism also has a discharging unit to clean the hole, consisting of a bucket and a wire mechanism. The STSM and earthwormtype drilling robots can only drill through weak formations with compressive strength less than 1 MPa. Planetary deep drill uses rotary drilling and prismatic movement for drilling.
The drilling procedure of this robot is similar to the tunnel boring machine (TBM). It has two feet installed in front and behind the robot to hold or release its position.
These robots have been developed to install geophysical sensors for protecting the sensors from the environment, or to collect soil under the planetary surface [11] , [12] . The planetary deep drill has recovered samples from almost 50 ft depth, using an embedded drilling system, but the system is larger than other systems. These robots can only drill in straight direction and cannot build a winding, or multi-well in the same way as the conventional directional drilling systems.
Unlike conventional drilling systems, embedded drilling robots have relatively small WOBs to be used for excavation and are not equipped with excavated soil removal features. To solve this problem, this paper proposes an excavation method including cutting treatment, which is inspired from the digging motion of burrowing animals such as the African mole-rat.
II. THE PROPOSED MOLE-LIKE DRILLING SYSTEM A. DIGGING PATTERNS OF THE MOLE
A robot that can perform directional drilling without additional equipment is required in the case of shallow drilling to reduce drilling costs, time, and labor, and also for drilling in harsh environments where large equipment is impractical. To solve this problem, the digging patterns of the mole which lives freely underground, are investigated. There are various moles, and the way they dig through the ground also varies depending on the shape of the mole and habitat in which they live. For example, the golden mole inhabits the desert and is covered with soft hair to reduce friction between the sand particles and digs with a swimming motion through the dry desert sand [13] . The digging patterns of the mole can be divided into two groups: those that use the forelimbs and those that use the teeth. Moles are also good at digging the ground and dealing with the generated soil particles.
For moles that use the forelimbs as the digging tool (e.g., Pitmys), the digging cycle consists of two phases. First, it moves the forelimbs very rapidly with head standing while the whole posterior body supports the hole. The generated soil particles during this motion are gathered under the belly. Second, support is provided by the forelimbs and the hindlimbs kick strongly, transferring the soil particles under the belly to behind the body.
FIGURE 1.
Pictures of a digging mole-rat [14] .
In the case of moles that excavate using the teeth, such as Spalax, digging is usually performed with the front teeth as shown in Fig. 1 . Their spine is well developed, so when they are digging they use this feature to support their body inside the hole. Their digging patterns are similar to the moles that use forelimbs as the digging tool. When excavating, they first use the hindlimbs and the lumbar vertebrae to fix themselves in the hole. Then, the cervical spine is extended and advanced with biting-off of the soil with the incisors. The particles that are generated are transferred using fast rotations of the forefeet to the bottom of the belly. Next, the Spalax fixes the anterior body to the hole with its forelimbs and cervical vertebrae, bends its waist, and pulls the hindlimbs to the lower side of the belly to kick the soil particles away [15] - [17] .
The moles that dig with their incisors can excavate harder ground than those who use their forelimbs. Therefore, we decided to adopt the patterns of the incisor-using moles for the embedded drilling system to cover a wider area of application. With these patterns, the designed system would not require extra mechanisms for extracting the soil particles. In the related research mentioned in Section I, most of the application areas are in the space environment, so the soil particles generated are scattered out from the hole and no separate treatment is needed for shallow drilling. In the case of deeper drilling, the system is pulled out and a vacuum cleaner is used to extract the soil particles at certain depths, or a wire mechanism is added to periodically transfer these soil particles to the surface [8] , [9] . Fig. 2 shows the design concept for the proposed system. The head that performs excavation is realized with a drill bit as in the conventional drilling, and the torso is divided into a chest, waist, and hip. The neck is used for turning the head in the desired direction, and the waist provides the WOB with a linear motor. A universal joint is mounted in the waist as a passive joint that helps the system to easily follow the well direction. To hold its position in the hole, the mole uses its flexible spine. The locking mechanism is exploited in the chest and hip to perform this function. This locking mechanism presses against the wall by expanding and supporting the body with the feet. A tail is attached behind the hip for pushing the soil particles away from the hole using the L-shaped plate similar to a mole. This is analogous to the moles that use their forelimbs to push these particles away when the soil particles are properly gathered inside the hole [18] . Fig. 3 shows the drilling process of the proposed embedded drilling system when it is located inside the hole or VOLUME 6, 2018 FIGURE 3. Drilling process of the proposed embedded drilling system. (a) The system locks the hip with the locking mechanism and sets the direction with the neck. (b) Drilling begins by stretching the waist and rotating the forelimbs to remove the soil particles. (c) Drilling is stopped, the chest is locked, and the hip is unlocked. The hip is pulled toward the chest by the waist with the hindlimbs rotated to transfer the soil particles behind the system. (d) When the soil particles behind the system are adequately stacked, unlock the chest and hip, lower the tail, and push the particles to the surface, in a manner similar to a bulldozer. Currently, backward walking is used for this process, but for steep inclines, a locking mechanism and a linear mechanism of the waist would be used to push particles to the surface. the launcher. First, the direction is set with the steering mechanism located in neck, then the locking mechanism is activated in the hip to hold the position of the hip part against the wall. Second, the head is rotated and the anterior part is pushed by stretching the waist and rotating the forelimbs to gather the soil particles under the waist. Third, after the waist reaches maximum length, the forelimb movement and drill rotation stop. Then, the locking mechanism in the chest is activated and the locking mechanism in the hip is deactivated to fix the position of anterior parts. The waist is the shrunk and the hindlimbs move to kick the soil particles located under the waist. Fourth, after several rounds of the previous three processes, many soil particles are deposited behind the system. Then, the locking mechanisms in both the chest and hip are deactivated, the tail is lowered, and the particles are pushed up to the surface. Currently, backward walking is used for this process, but for steep inclines, the locking mechanism and linear mechanism of the waist would be used to push particles to the surface. With these four steps, the system can construct good tunnels.
B. DESIGN CONCEPT OF THE SYSTEM

C. ROP (RATE OF PENENTRATION) ESTIMATION
The proposed system is for shallow drilling near the ground surface where the ground soil is usually composed of the sand, clay, and water. The compressive strength of the ground does not exceed 2.5 MPa even if it hardens according to study of [19] . Therefore, the system was designed for drilling the ground with a maximum compressive strength of 3 MPa. To find the rock-bit interaction of the proposed system, we used autoclaved lightweight concrete (ALC) blocks as the testbed, which guarantees compressive strength over 2.94 MPa. These blocks are often used as building materials for insulation [20] . Fig. 4 shows an ALC block used for the experiment. The compressive strength of the block was tested with unconfined compression apparatus. Three 10 × 10 × 10 cm 3 blocks are tested and showed compressive strength of approximately 4.00 MPa. The work of Teale derives an equation for specific energy E S in rotary drilling as follows [21] :
where WOB denotes the weight on bit, ROP the drilling rate, RPM the rotary speed of the drill bit, T the torque of the bit, and A B the contact-section area of the bit. The minimum specific energy can roughly be regarded as the compressive strength of the testbed. The drilling process also states that the specific energy cannot be expressed as an exact numerical value, as its complex mechanics and the heterogeneous nature of the rock are characterized by wide variation of the drilling variables [22] . The torque at the bit can be represented as follows [23] :
where D B denotes the diameter of the bit and µ is the frictional coefficient between the drill bit and the ground. Substituting (2) into (1), we can get
As the ROP represents the efficiency of the drilling, (3) can be rearranged as
D. SYSTEM ANALYSIS Fig. 5(a) shows the diagram of the proposed embedded drilling system when it is drilling with an incline angle θ. The hip (body 3) is holding its position with a pushing force of the locking mechanism (F 2 ) and pushing the drill bit by stretching the waist with force F 1 while the drill bit is rotating with torque τ . The normal force from the ground, N 2 , is also applied to the hind leg. The mass of the drill bit is m 1 , chest m 2 , and hip m 3 . The leg mechanism of the body 2 is activated with walking force µN 1 when the system is drilling forward. For more detailed analysis, Figs. 5(b) and (c) show the freebody diagrams (FBD) for horizontal drilling and for vertical drilling against gravity which requires more force to drill. In both cases, the system is divided into two parts; movable bodies 1 and 2 (head and chest) and a fixed body 3 (hip). R x , R y , and M R are the reaction forces and a moment between body 2 and the body 3. The equations of force and moment equilibrium for body3 in horizontal drilling are:
Since the reaction forces R x and R y are not defined, we have to consider equilibrium equations for bodies 1 and 2 as follows:
Equation (6) can be rearranged as:
Using (5) and (7), the normal force N 2 for horizontal drilling (θ = 0 • ) can be derived as follows:
In a similar way, we can analyze when the system is drilling in the opposite direction of gravity, which is the most difficult situation for drilling. So the reaction forces R x , R y and the normal force N 2 for this case can be derived as follows:
With these results the reaction forces R x , R y and the normal force N 2 can be generalized with respect to the inclination angle θ as follows:
Therefore, the frictional force F µ and frictional torque τ µ of the embedded drilling system can be represented with respect to the inclination angle θ as follows: (12) where r B is the radius of the drill bit. Since, body 3 is holding its position and WOB is the force applied to the bit, WOB can be derived as follows:
To drill the ground with target compressive strength E S target with the proposed system, the following conditions are strongly recommended:
The approximate numerical values of the friction coefficient µ can be found from the study of Rabbat as 0.45 [24] . VOLUME 6, 2018
III. DRILLING EXPERIMENT AND SIMULATION
A. DRILLING EXPERIMENT
The experiments were performed to find the relationship between the WOB and ROP for the designed system, and to investigate the size of the generated particles during drilling. A motor commonly used in hand drills is applied to supply enough torque and RPM to the bit [25] . The shape of the drill bit is very important for the efficiency of drilling, but the shapes and sizes of drill bits vary and there is a huge number of parameters to optimize. In this study, a bit made using the shape of a commercial polycrystalline diamond compact (PDC) drill bit with 150 mm diameter, as is widely used for directional drilling, is adopted. We have made three prototypes of the drill bit, as shown in Fig. 6 . The first bit prototype was made with acrylonitrile butadiene styrene (ABS) plastic using a 3D printer. This bit has good strength on impact but can be easily worn by the friction between bit and ALC blocks. For the second bit prototype, we attached stainless steel bolts to the contact area of the bit. This can drill the surface of the ALC blocks faster than the other bits, but these bolts were also worn slowly during drilling. The third drill bit was composed of steel blades, with an applied metal surface treatment to increase the abrasion resistance. This drill bit has good wear resistance but due to the broad contact area of the blades, the penetration speed was much slower than the second drill bit. It drilled only 1.5 mm in 5 minutes, whereas the second drill bit drilled 7.5 mm in the same time duration. During the experiments, blades were replaced regularly, because of the shape change of the blades caused by the abrasions. Fig. 7(a) shows the experimental settings. The drilling system is placed inside the launcher that is pipe shaped in acrylic with a diameter of 155 mm and fixed to the ALC block with screw bolts in each corner. A mechanical guide is also applied to the launcher to hold the pose of the drill system against the torque. Without this guide, the drill system will rotate its body instead of the drill bit on the front. The second drill bit, which produced the best drilling performance, was applied for the experiments. As can be seen in Fig. 7(b) , a bottle containing bolts was used for additional payload to the bit. The results of the drilling experiment on ALC blocks are listed in Table 1 . The results of the drilling distance are achieved in range due to the vibration and unbalance of the height of the bit blades. The bit blade was produced using a 3D printer and the blade shape did not come out uniformly like CNC owing to thermal deformation. As a result, the particles generated during the experiments are fine like powder. The ROP is increased with additional payload, but the RPM became slower owing to the increment of friction between the testbed and the drill bit. The WOB was heavy and the motor used for drilling was strong enough to drill the ALC blocks.
B. DRILLING SIMULATION
Galle established semi-empirical equations for the effects of WOB, RPM, and cuttings structure dullness on the drilling rate, rate of tooth wear, and bearing life as follows [26] :
where r is function of essentially rotary speed to fractional power, WOB is WOB equivalent to 7 7 8 -in diameter drill bit, a is a function of dullness, k is an exponent on weight in the drilling-rate equation and is equal to 1 in most cases, and K is the formation drillability parameter. Here r, a, and WOB can be represented as follows:
RPM 2 ) (for hard formation)
where D is bit tooth dullness and D B is the diameter of the drill bit. Galle also mentioned that K can be approximated as WOB 0.6 . For the proposed system, the target compressive strength of the drilling formation is only under 3 MPa, so we can regard it as a soft formation. Furthermore, the drilling experiments on ALC block are operated in short time and all the teeth of the drill bit (stainless bolts) are replaced after every experiment. Thus, it can be assumed that the function a is not an important factor in the experiment. Based on this assumption, we can estimate the ROP from (17) . The RPM can be calculated using the following relationship between torque and RPM of the motor:
where η is transfer efficiency between the motor and drill bit, τ is torque on the bit, ω n is the no-load speed of the motor, and τ S is the stall torque of the motor. In our experiment, η = 0.84, ω n = 196 rpm, and τ S = 7.62 Nm. Fig. 8 shows the derived torque and RPM change according to WOB with this relation. Red circles show the achieved data from the experiments. With the calculated RPM and torque, we can estimate ROP and also the specific energy of the system by WOB (see Fig. 9 ). The biggest ROP of the system will be 1.82 m/hr when the applied WOB is 194.6 N and RPM is 61.66 rpm.
Additional experiment was conducted to confirm the analysis results and also to find the start torque of the system. If the required torque is greater than start torque, the drill bit cannot be rotated. In this experiment, the payload is gradually increased in the same setting as the previous experiment, and the WOB that cannot rotate the bit is identified and obtained using (2) . The start torque was 1.32 Nm when the given WOB was 58.76 N. ROP and RPM were measured experimentally when WOB was supplied at 58 N considering the start torque.
In this experiment, RPM and ROP results were confirmed to be 154 rpm and 0.50 m/hr, respectively. These values are indicated by a blue diamond in Figs. 8 and 9 . The difference between the estimated and experimental values for the ROP was only 0.02 m/hr. Therefore, the error rate was only 5%, and the prediction and experiment were quite similar. Since the system cannot supply the torque more than the start torque, the maximum ROP for the proposed system is about 0.52 m/hr.
We performed a numerical analysis to verify that our predictions of the change in ROP according to WOB are correct. When a drill digs into the ground, large deformation and destruction of the material occur intensively. For this reason, accurate numerical analysis cannot be achieved using the commonly used finite element method. Therefore, we used the SPH (smoothed particle hydrodynamics) technique for numerical analysis, which is suitable for analysis where large deformation occurs locally. The SPH used in the simulation is a mesh-free Lagrangian particle method, to find a solution of the partial differential equation of the system. This feature does not cause any distortion of the mesh, and it can handle the interpretation of large deformation in a pure Lagrangian frame. The method was originally developed to solve astrophysical problems [27] , [28] and has been used extensively in the field of fluid dynamics [29] . Since then, Libersky have applied elastic-perfectly plastic material strength models to SPH [30] , and in recent years there have been efforts to apply SPH to solid deformation problems. We took advantage of the SPH method and applied it to the ground modeling to perform the drilling simulation accurately.
If the size of the ALC block is too small, the stability of the numerical analysis becomes problematic. On the other hand, when a large ALC block is created with only SPH particle elements, the computational time becomes excessively long. Therefore, in this study, we solved both the problem of the computational time and the stability problem by modeling the part as the SPH particle elements where the large deformation occurs directly interacting with the drill bit and the other part as the finite solid elements. The numerical simulation model of the drill bit is created by discretizing the 3D shape of the drill bit used in the experiment into finite shell elements. The numerical model is shown in Fig. 10 .
The rigid material model is applied to the PDC bit and the continuous surface cap model (CSCM) is used for the ALC block. In order to have a compressive strength of 4 MPa, one element test is carried out to adjust the parameters. As a result, the parameters of the CSCM model with stress-strain curves shown in Fig. 11 are found and used.
In numerical analysis, the process of excavation consists of several steps. First, as the rotating drill and the ground contact, compression and friction occur. At this time, the frictional force acting on the ground acts as shear stress, and shear stress causes shear failure. The shear strength of the rock-like material varies with normal stress [31] . In this study, the shear strength of the ground material is set differently according to the WOB corresponding to the normal stress. To establish the boundary conditions similar to the actual experiment conditions, all the nodes on the lower surface of the ALC block composed of solid elements are fixed. In addition, for the interaction between SPH particles and solid elements, SPH particles that are in contact with the solid elements are bound to the surfaces of the solid elements. The model is calculated using a finite element analysis package LS-DYNA. Table 2 shows the results of the numerical analysis. As shown in Fig. 12 , the numerical results and the estimated results are in good agreement. The difference between numerical results and estimated results is only 15%. Also, as predicted by the analytical calculation, the optimum WOB with the highest ROP is about 200 N. It is expected that this model can be used to calculate the optimum WOB for the actual drilling system and the actual ground.
C. SYSTEM REQUIREMENTS
As the proposed system has only the design concept, we cannot obtain exact numbers for the weights except for the weight of the drill bit m 1 (2.04 kg). Thus, to briefly estimate the minimum pushing force of the locking mechanism in the hip, we assume that the weight of each part of the system is uniform (m 1 = m 2 = m 3 ). The numerical values of other parameters are 0.15 m for the diameter of the bit, 0.075 m for the radius of the hole, 0 to 80 N for the pushing force F, and −90 • to 90 • for the angle of incline. By using (2), (12) , and (13), (14) and (15) can be rearranged to yield the pushing force of the locking mechanism, F 2 , as follows:
Under these conditions, F 2 should be more than 131.37 N (131.37 N for the force-based model when θ is about 54 • and F 1 is 80 N, and 47.22 N for the torque-based model when θ is 0 • and F 1 is 80 N) as can be seen in Fig. 13 . This force has to be generated with pneumatic actuators. Thus, if the pneumatic pressure from the air compressor is 0.6 MPa and the flow into the circuit of the cylinder is 0.5 MPa, then the inner area of the cylinder should be more than 2.64 cm 2 .
To check the stability of the locking mechanism, a simple simulation was performed with a dynamic simulator. In this simulation, the hip is located inside the pipe with the locking mechanism active and maximum external forces are applied to the hip, which are the WOB and torque. The displacement and rotating angle of the hip are measured. Fig. 14 shows the WOB and torque of the system when it is drilling with maximum force (F 1 = 80 N) from the waist. The maximum values are 125 N for WOB and 2.81 Nm for torque. Thus, it is found that 131.37 N of the locking mechanism could support the reaction force and the torque from the drill bit. VOLUME 6, 2018
IV. CONCLUSIONS
In this paper, we have proposed an embedded drilling system that mimics the digging patterns of the African mole-rat to supply WOB and hole cleaning without external equipment, and calculated the required conditions for drilling with the system. In addition, the changes in ROP according to the WOB have been obtained through mathematical analysis when the proposed system drills the ALC block with a compression strength of 4 MPa. This analysis was verified based on simple experiments. The experiment was performed by placing a positioning pipe on the ALC block, placing a drilling module inside, and adding 0.5 and 1 kg weight to its own weight. A total of three drill bits were tested in advance, and the bit with stainless steel bolts inserted into the blade, which had the highest drilling rate, was adopted. In the case of an actual motor, because it is not possible to provide more power than the start torque, we have estimated this via FEM utilizing SPH particles to find the tendency of the ROP in the situation where more WOBs are provided. The expected ROP changes were similar to those obtained with the FEM simulations, and the experimental results at the motor start torque were found to be similar to estimated values with errors within 5%. Most of the relevant studies have been conducted on soils in which the particles are granular, as in the case of red soil. However, as we mentioned before, the compressive strength of the ground soil can be increased to 2.5 MPa. When the experiment was performed at a compressive strength of 4 MPa in the testbed, the proposed system produced a ROP of 0.52 m/hr, so the system is expected to have a higher ROP at the surface.
As we are in an initial stage of development, the effect of the locking mechanism has not been fully tested in a real environment. Therefore, we will test each component of the proposed system for further optimization. After the optimization, the proposed system can be tested in a real testbed for directional drilling to check soil removal efficiency and a proper rate can be found between the drilling cycle and returning stage. 
NOMENCLATURE AND UNIT
ROP
